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OBJECTIVE 

The objective of this work is to study the interaction of electronic 

current with hypersonic waves in solids, in particular in CdS, and to 

reach an understanding of the basic mechanisms for the acoustoelectric, 

and related, effects. 

- 1- 



. - *  
t 

Discuss ion  

Severa l  proj lems connected with c u r r e n t  s a t u r a t i o n  have been s e l e c t e d  

The so lu t ion  of t hese  problems should provide a 
.- - ~ 

f o r  more ex tens ive  s tudy.  

b a s i s  f o r  a b e t t e r  understanding of t h e  a c o u s t o e l e c t r i c  e f f e c t .  These 

p r o b l e m  are: 

a) Detec t ion  and ana lys i s  of a n  r f  component of cu r ren t  

generated by a CdS c r y s t a l  operated i n  t h e  reg ion  of 

cu r ren t  s a t u r a t i o n .  

b) Measurement and ana lys i s  of ;he h igh  frequency impedance 

of a CdS c r y s t a l  operated i n  =he reg ion  of cu r ren t  

s a t u r a t i o n .  

c )  The c h a r a c t e r i z a t i o n  and a n a l y s i s  of t h e  l a r g e  amplitude 

c u r r e n t  o s c i l l a t i o n  observed when CdS is  operated i n  t h e  

reg ion  of cu r ren t  s a tu ra t ion .  

d) Geometric and c rys t a l log raph ic  c h a r a c t e r i z a t i o n  of cu r ren t  

s a t u r a t i o n  i n  CdS. 

The s t a t u s  of each of these  problems i s  reviewed below. 

I - Detec t ion  of r f .  

1 
Hutson, NcFee, and White demonstrated t h a t  a n  u l t r a s o n i c  n o i s e  s i g n a l  

could be de t ec t ed  by a p i e z o e l e c t r i c  r e c e i v e r  bonded t o  a CdS c r y s t a l ,  

even though t h e  t ransducer  normally used t o  i n j e c t  a n  u l t r a s o n i c  s i g n a l  

w a s  n o t  exc i ted .  When cu r ren t  s a t u r a t i o n  w a s  a s s o c i a t e d  wi th  e l e c t r o n  

bunching by t h e  t r a v e l i n g  wave ampl i f i ca t ion  of  thermal n o i s e  ,20 ther  means 

w e r e  sought t o  demonstrate  t h e  bunching w i t h i n  t h e  c r y s t a l  by methods t h a t  

d i d  n o t  depend d i r e c t l y  on converting t h e  emerging energy i n t o  a n  e l e c t r i c a l  

s i g n a l  via t h e  p i e z o e l e c t r i c  e f f e c t ,  as i s  t h e  case w i t > -  t h e  bonded qua r t z  

r e c e i v e r .  Two non-acoust ical  de t ec t ion  schenes are imiiediately suggested;  
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1) d e t e c t i o n  of an  r f  sigr.al ,  p r e s ~ a b l y  a s soc ia t ed  wl th  t h e  Sanching 

mechanism, by p lac ing  t h e  c r y s t a l  i n  a c i r c u i t  containing a s e n s i t i v e  r i  

r e c e i v e r ;  and 2) o p t i c a l  observat ion of t h e  s t r a i n  induced w i t h i n  the  

c r y s t a l  by the  ampl i f i ca t ion  process.  

a t t r a c t i v e  f e a t u r e s  which encourage spending sone t i m e  and e f f o r t  explor-  

Both schemes have i n t e r e s t i n g  and 

ing them. 
I 

Recal l ing  t h e  impressive p i c t u r e s  of photoelas  t i c  s t u d i e s  made of 

mechanical s t r u c t u r e s ,  it is  more than j u s t  a n  academic ques t ion ,  why 

s i m i l a r  techniques should n o t  permit t h e  d i r e c t  observa t ion  of t h e  s t r a i n  

f i e l d  i n  t h e  c r y s t a l  dur ing  a c o u s t o e l e c t r i c  a n p l i f i c a t i o n .  There are  

s e v e r a l  v a r i a t i o n s  of t h e  o p t i c a l  method of d e t e c t i o n ,  bu t  a l l  a r e  based 

on observing a change i n  t h e  index of r e f r a c t i o n  of l i g h t  due t o  s t r a i n  

induced i n  t h e  c r y s t a l .  

achieved by o p t i c a l  means. The o p t i c a l  mezlhod must i n  p r i n c i p a l  work, 

b u t ,  t h e  reason f o r  nega t ive  r e s u l t s  a r e  ;lot obvious,  cor are  t h e  d e t a i l s  

obvious f o r  a b e t t e r  technique. 

To d a t e ,  s a t i s f a c t o r y  r e s u l t s  have n o t  been 

The s i t u a t i o n  i s  somewhat s i m i l a r  i n  t h e  case  of r f  d e t e c t i o n .  

The experiment i s  conceptua l ly  simple,  bu t  t h e  experimental  r e s u l t s  are 

no t  clear c u t  o r  unambiguous, nor  is t h e r e  unanimity concerning e i t h e r  t h e  

a n a l y t i c a l  o r  experimental  a s p e c t s  of t he  problem. 

0 3 j e c t i v e s  of t h i s  work i s  t o  cone t o  a b e t t e r  understanding of t h e  prob- 

l e m s  involved.  

One of t h e  major 

The b a s i c  idea  of t h e  e x p e r h e a t  i s  t h a t  bunched e l e c t r o n s  moving 

through t h e  CdS c r y s t a l  should g ive  r ise  t o  a n  r f  component of c u r r e n t ,  

predominately i n  the  band of f requencies  centered around t h e  frequency 

of m a x i m u m  a c o u s t o e l e c t r i c  e f f e c t ,  i. e. , 1 kyic. Furthermore,  s i n c e  e500 
w a t t s  peak power i s  put  i n t o  t h e  c r y s t a l  and approximately h a l f  of t h i s  

power i s  d i s s i p a t e d  through t h e  a c o u s t o e l e c t r i c  e f f e c t ,  t h e  power appearing 

as rf should be e a s i l y  d e t e c t a b l e ,  a l lowing even f o r  h igh  l o s s e s  due t o  

seve re  i n t e r n a l  a t t enua t ion .  

The fol lowing o u t l i n e ,  e s s e n t i a l l y  chronologica l ,  may-help t o  emphasize 

some of t h e  problems t h a t  have coae up. F i r s t  we d e s c r i b e  what w e  t h i n k  

i s  going on i n s i d e  the  c r y s t a l  and what t h i s  n i g h t  l ead  one t o  expect  i n  

terms of a n  r f  s i g n a l  t h a t  could be de t ec t ed  by a s e n s i t i v e  r f  r e c e i v e r .  

A s h e e t  of charge moving between p l a n e - p a r a l l e l  p l a t e s  ( a s  sketched 
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i n  F ig .  1) induces a cu r ren t  i n  a n  ex te rna l  c i r c u l t .  I n  Khe a c o u s i o e l e c t r i c  

effec:  i n  CdS we w i l l  f i r s t  consider t h e  case where Che only t h e m a 1  

e l a s t i c  v i b r a t i o n s  ampl i f ied  a r e  the ones corros?onding t o  the  m a s i c u m  

For frequency f o r  hypersonic  waves given by t h e  &tson-Vnite expression.  1 

any p a r t i c u l a r  CdS c r y s t a l  t h i s  frequency i s  de te rn lned  mainly by i t s  

conduc t iv i ty ,  and f o r  t he  c r y s t a l s  we a r e  i n t e r e s t e d  i n  t h i s  corresponds 

t o  a maximum frequency -1 Kmc. S t a r t i n g  near  t h e  cathode 1 k c  thermal 

v i b r a t i o n s  g a i n  energy from t h e  e l e c t r i c  f i e l d  and inc rease  i n  amplitude 

i n  moving a c r o s s  t h e  c r y s t a l  t o  t h e  anode. 

e l e c t r o n s  i n  t h e  troughs of t h e  e l a s t i c  wave i s  i m p l i c i t  i n  t h i s  type of 

t r a v e l i n g  wave ampl i f i ca t ion .  Ins ide  the  c r y s t a l  t h e r e  a re  s h e e t s  of 

charge,  of greater- than-average dens i ty ,  spaced one wavelength,  o r  

I 

Bunching of t h e  f r e e  

5p ,  a p a r t  and moving rhrough the c r y s t a l  wi th  the  v e l o c i t y  of  sound 

(See Fig.  1). I f  t he  c r y s t a l  i s  p r o ? e r l y  ;;;ounted w i t h i n  a c i r c u i t  con- 

t a i n i n g  a s e n s i t i v e  r ece ive r  taried ;o 1 k c  2 s i g n a l  should be observed 

when t h e  crysizal i s  operated i n  :he sa tura tLon r eg ion ,  bu t  no s i g n a l  should 

be de t ec t ed  when the  c r y s t a l  i s  op - ra t ed  over t he  o h i c  range. 

i s  t h e  b a s i c  idea  of t h e  experiment. 

This then  

There are of course ques t ions  about  

t h e  o r d e r  of  magnitude of t h e  r f  cur ren t  expected and t h e r e  a r e  c r i t i c a l  

ques t ions  about  how r e a l i s t i c  t he  bas i c  ideas  are. The obvious way t o  

answer most of t h e s e  ques t ions  i s  t o  do ;:--e e q e r i m s n t .  This  has  been 

done, bu t  i n  gene ra l  more quest ions have Zeen generated than  answered. 

Over a year  ago t h e  experimental  a r racgeaent  shown i n  Fig.  2 w a s  s e t  

up and operated.  

s tandard  5 0 A  coax ia l  cab le  coxlponsT-ts. 

a low-pass f i l t e r ,  t o  remove high-frequency compoaents, be fo re  being app l i ed  

a c r o s s  t h e  CdS c r y s t a l .  The cryst&: i s  mounted i n  a s tandard  ceramic 

c r y s t a l  c a r t r i d g e .  The d c  componen': of c u r r e n t  i s  lead  t o  ground by t h e  

d c  s h o r t ,  which p resen t s  a h igh  i q e d a n c e  t o  t h e  r f  s i g n a l .  

goes t o  rhe  r e c e i v e r  through the  dc block. The high-pass  f L l t e r  removes 

all f r equsnc ie s  below 500 Mc. 

heterodyne type,  designed f o r  low no i se  f a c t o r  and p u l s e  opera t ion .  

s e n s i t i v i t y  could be  obtair,ed by ar, a u x i l a r y  c i r c u i t  which func t ions  essen- 

t i a i ; y  as a phase s e n s i t i v e  de t ec to r .  

The microwave par r  of :i=e c i r c u i t  i s  assem3led wi th  

The vo l t age  pu l ses  go through 

The r f  s i g n a l  

The r f  r e c e i v e r  i s  a convent ional  super- 

Addi t iona l  

12 
The r e c e i v e r  can d e t e c t  l e s s  t k n  10- w a t t s  p u l s e  power. A t  
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s a t u r a t i o n  the vo l t age  ac ross  t h e  c r y s t a l  Is ~ 1 G 0  and rhe  cl;rrent zkrough 

t h e  sample i s  -5 amps correspocdlng t o  ~ 5 0 0  wa t t s  pulsed power. 

r a t i o  of input  power t o  minlmuii dezec tab le  Tower i s  7 i O L 4 !  

The 
1 r  

When the  experiment w a s  i n i t i a l l y  performed (over  a year  ago) t h e  

r e c e i v e r  w a s  tuned to. N 9 0 0  Xc and a low l e v e l  s i g n a i  ( N 9 G  dbn) w a s  

deteczed each t i m e  t he  c r y s t a l  w a s  operated beyond the  threshold  f o r  s a tu ra -  

t i o n .  No s i g n a l  w a s  de t ec t ed  below the  th re sho ld ,  nor w a s  a s i g n a l  de t ec t ed  

when a r e s i s t o r  w a s  s u b s t i t u t e d  f o r  t h e  c r y s t a l .  

t h a t  t h i s  w a s  t h e  t r u e  r f  s i g n a l  expected from t h e  bunched c a r r i e r s  moving 

i n  t h e  c r y s t a l .  I n  a n  a t tempt  t o  cross  check =he work, s e v e r a l  in le2ecdent  

experiments w e r e  performed which suggested t h a t  t h e  r f  s i g n a l  w a s  a spur ious  

e f f e c t ,  which could be ascr ibed  t o  the  genera t ion  of high-frequency harnonics  

froin low frequency components i n  the e x c i t i n g  ?u l se  opera t ing  on the  non- l inea r  

p a r t  of t he  V - I  curve of CdS. 

ing  harmonic genera t ion  were; 1) 

elements ( i . e . ,  diodes and r e s i s t o r s )  w a s  ac3sc i tu t ea  f o r  t he  CdS c r y s t a l  

and w a s  found t o  produce a 900 Xc s l g n a l ,  of form 2nd ;nagnlilude q u i t e  

s i m i l a r  t o  t h e  CdS, and 2) 900 Xc harmonics could be generaced from 1 M c  

s i n e  waves b iased  t o  the knee 02 a E o n - l i x a r  V-I curve. 

, 

A t  f i r s t  i t  w a s  thought 

The two mosz convincing S i t s  of d a t a  suggest-  

a non- l lnear  com?ozect rr,a&e of "passive" 

About t he  same t i m e  C. Quate3 d e s c r i j e d  s i m i l a r  s i g n a l s  f r o a  CdS. 

Although Quate ' s  experimental  arrangexezt  w a s  smewSat d i f f e r e n t  f ro= t h e  

one shown i n  Fig.  2 ,  and the  coi=i;c;ivity of h i s  c r y s z a l s  w a s  d i f f e r e n t  

froin o u r s ,  we subsequent ly  confirniecl t h a t  t h e  two s i g n a l s  p r o j z i l y  o r i g i n a t s d  

from t h e  s a m e  e f f e c t .  .  le did no: d i s c u s s  o r  i n v e s t i g a t e  zhe p o s s i b i l i t y  

t h a t  t h e  observed s i g n a l s  n i g h t  b e  spur ious .  

a i scouraged ,  a) by t h e  evidence t h a t  t h e  s i g n a l  w a s  proba3ly no-c t h e  , 

one expected froin bunching, b) by the very  low l e v e l  of t h e  s i g n a l ,  and 

c) encourage6 by more e x c i t i n g  r e s u l t s  from experiments a long a completely 

d i f f e r e n t  l i n e ,  the experimental  work on r l  deeec t ion  was  t e n p o r a r i l y  se t  

a s i d e .  The one po in t  t h a t  was  d e f i n i t e l y  c l e a r ,  however, w a s  t h a t  i n  t h e  

frequency range where a h igh  l e v e l  s i g z a l  n i g h t  be expected,  t h e  observed 

l e v e l  w a s  extremely low. Where does a l l  t h e  power go? The answer t o  t h i s  

enigrna s t i l l  l i n g e r s .  

Xecent ly ,  wi th  t h e  b e n e f i t  of sczie addLtiona1 experience,  t he  r f  

experiments have been resumed, and pre l iminary  r e s u l t s  now-suggest t h a t  
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t h e  s i g n a l s  may not be due t o  the  s?urious e f f e c t s  13e described a j o v e .  

The d e t a i l s  of t he  d a t a  obtained so  f s r ,  however, &gain r a i s e  xore q c s s r i o n s  

than a re  answered. 

been made. 

S p e c i f i c a l l y  the f 0 1 1 0 ~ ~ ~ ; ; g  observations have r ececc ly  

A t  900 ?IC t he  magnitude and foim of the  r f  s i g n a l  i s  e s s e z t i a l l y  

t h e  s a m e  as t h e  s i g n a l  measured, over a year  ago. The temporal form of 

t he  r f  s i g n a l  i s  now b e t t e r  understood i n  terms of t he  r ise  cime and dura- 

t i o n  of the  e x c i t i n g  vo l t age  pulse .  That i s ,  the  magnitude and d u r a t i o n  

of t h e  i n i t i a l  p a r t  of t h e  r f  i s  r e l a t ed  t o  t h e  h igh  frequency content  of  

t h e  lead ing  edge of t he  e x c i t i n g  pulse ,  t h i s  aga in  I s  cons i s t en t  wi th  

harmonic gene ra t ion ,  however, f o r  the f l a t  p a r t  of t h e  pu l se  t h a t  lasts 

f o r  a long t i m e  ( i . e . ,  approaches dc i n  z e m s  of t h i s  ex2erinent)  t he  

r f  s i g n a l  i s  more o r  less cons tan t .  The l a t t e r  i s  not c o n s i s t a n t  wi th  

harmonic genera t ion .  

The "passive" element which seexed t o  provide  such convincing evidence 

f o r  harmonic gene ra t ion ,  has  "lost face",  s;nce i t  i s  now r e a l i z e d  t h a t  

t h e  d iodes  are no t  as pass ive  as ha t  been ass;::&. Also, t h e  l e v e l  of 

1 NC s i n e  wave t h a t  must be  introdzced i n  o rde r  t o  g ive  a harmonic s i g n a l  

equal  t o  t h e  observed s i g n a l  is  much h ighe r  than i s  l i k e l y  t o  e x i s t  i n  t h e  

e x c i t i n g  pulse .  

The s p e c t r a l  d i s t r i b u t i o n  of the r f  as now observed i s  coq1e:ely 

d i f f e r e n t  Z i - m  t h a t  which had Leea expec:ed. 

Curve A i n  Fig.  3 shows the  s l e c t r a l  LLst r ibu t ion  expected,  a 3 r l o r i ,  

i f  t h e  r f  s i g n a l  i s  d i r e c t l y  r e l a t ed  t o  t3.e frequency dependence of t he  

a c o u s t o e l e c t r i c  a m p l i f i c a t i o n  given by the  snall s i g n a l  express ion  of 

Hutsor, and White. Curve B shows the pre l iminary  da t a .  The r f  s i g n a l  

i s  low a t  1 LTC and inc reases  t o  r e l a t i v e l y  h igh  l e v e l s  a: 10 Nc. Measure- 

:.Znts a t  lower f requencies  are more complicated,  becacse i t  i s  n o t  as easy 

t o  make r e c e i v e r s  t h a t  ope ra t e  i n  t h i s  reg ion  wi th  pu l ses .  Work i s  i n  

p rogres s  t o  extend t h e  curves t o  lower f r equenc ie s ,  i n  o rde r  t o  see where 

the  curve l e v e l s  o f f ,  as i t  obviously ridst. 

One p a r t i c u l a r l y  i n t e r e s t i n g  thing from 2.e carve may have some 

bear ing  on the  h igh - l eve l ,  low-freqsency O S C L ; A ~ ~ G X  t h a t  can be excizzd 

ir, 2 r a c t i c a l l y  a l l  CdS c r y s t a l s  exh lb i t i ng  s a i u r a t i o n .  Tine onse t  of t h e  

o s c i l l a t i o n  v a r i e s  r a t h e r  a b r r p t l y  with app i i ed  vo l t age .  The frequency 



0 of t h e  o s c i l l a t i o n s  i s  5-10 >IC and they may be coherent  and essentLally 

CN. See Fig.  4. The l e v e l  of  r f  i n  Lhis frequeiicy range,  before  o s c i l l a -  

t i o n ,  i s  somewhat down fro= t h e  l e v e l  achieved dur ing  o s c i l l a t i o n .  

does sugges t ,  however, t h a t  t h e  o s c i l l a t i o n s  " take  02f" f r o a  the  r e l a t i v e l y  

h igh  l e v e l  of r f  a l r eady  p resen t  a t  cha t  frequency. 

This  

I 

I1 - Impedance Measurements 

The reg ion  of cu r ren t  s a t u r a t i o n  i n  CdS r e f l e c t s  a f i r s t - o r d e r  change 

i n  t h e  impedance of t he  c r y s t a l  from i t s  ohmic va lue .  Since t h e  ampli- 

f i c a t i o n  of hypersonic  waves i s  a fucc t ion  of the d i e l e c t r i c  r e l a x a t i o n  

t ime,  t he  ques t ion  of dependence of t h e  impedance of the  c r y s t a l  over t he  

range of  f requencies  a c t i v e  i n  t h e  s t rong  a n p l i f i c a t i o n  mechanism i s  ~i 

cons iderable  i n t e r e s t .  The im?edance has  been measured a t  low f requencies  

(1-10 Mc) and w a s  found t o  be 2 pure r e s i s t a n c e  correspocding t o  t h e  va lue  

expected from the  V-I curve.  

have n o t  been made, b u t ,  are def in i ;e ly  I n  order .  

S:;stcZtic zczsurerrients a t  h igh  f requencies  

Experiments were at tempted a t  10 Kmc/sec, wi th  a c r y s t a l  posc mounted 

i n  X-Bacd waveguide (See Fig. 5 of previous i ieport) .  The c r y s t a l s  which 

theory would lead  u s  t o  th ink  s u i t a j i e  f o r  t hese  h igh  f requencies  have 

very  low r e s i s t i v i t y .  Thus, very h igh  p u l s e  c u r r e n t s  a r e  needed. A hard- 

tube p u l s e  modulator capable  of prodLcirig p u i s e  cur rencs  of over 60 aaips 

and vo l t ages  of up t o  15 kv was cocszruczes.  A polisher:  CdS p o s t  w a s  pulsed 

i n  t h e  waveguide, bu t  before  :;--e X ~ e e  of t h e  V-I curve could be a t t a i n e d ,  

f lash-over  occured down t h e  sur face  of t he  crysrral. This  c r y s t a l  was cleaned 

and r e -po l i shed ,  and o t h e r  c r y s t a l s  p r e p r e d .  F l a s h - o d s r  is  caused u s u a l l y  

by ":racking" down t h e  s u r f a c e  of  the c r y s t a l ,  i . e .  a small l a y e r  of d i r t  

oil t h e  s u r f a c e  can provide a pa th  for  cu r ren t .  Tlie r e s u l t a n t  l o c a l  h e a t i n g  

when t h i s  l a y e r  breaks down can darage t h e  c r y s t a l  s e v e r e l y ,  and even s p l i t  

i t .  

L m e  wi th  them. Since t h e  1 ~ ? - g  c r y s t a l s  took s o x  t i m e  t o  p repa re ,  a 

ilew form of waveguide mount w a s  ado?zed. This  ( s e e  Fig. 5)  uses  smaller 

c r y s t a l s ,  of which a supply was  ali-esdy z v a i l a b l e .  

Two long p o s t s  w e r e  l o s t  i n  t h i s  w ~ y  be fo re  any x s e f u l  work could be  

Impedance measurements were aLtenpted, bu t  no c:?zr,ge i n  t h e  impedance 

of t h e  c r y s t a l  could be de t ec t ed .  S e i t h e r  C O L  .ny I[-Sand power, coherent  

o r  incoherent ,  be de t ec t ed  i n  t h e  waveguide. 
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Two improvements i n  these  experiments a r e  being c a r r i e d  out .  A 

resonant  c a v i t y  i f  being rnade t o  hold the  c r y s t a l .  

w i l l  concent ra te  t h e  r f  f i e l d s  a t  i5e c r y s t a l  and make e a s i e r  t he  detec-  

t i o n  of any impedance change. 

t r a v e l l i n g  wave tube  w i l l  be used t o  d e t e c t  r a d i a t i o n  from the  c rysca l .  

We f e e l  t h a t  some e f f o r t  i n  t he  l a t t e r  d i r e c t i o n  would be worthwhile i n  

o rde r  t o  i n v e s t i g a t e  t h e  col lect ive-phonon theory  of Pro'nofsky, mentioned 

i n  prev ious  Reports ,  which p r e d i c t s  a r ise in  t h e  n o i s e  l e v e l  i n  a s a t u r a t e d  

CdS c r y s t a l  a t  10-100 Kmc/sec, ( i . e . ,  where RJ=mSZ)S). 
of T . I J .T . ' s  i n  t h i s  reg ion  a re  n o t  as good as those a t  3 Kmc/sec. where 

1.0 db. n o i s e  f i g u r e s  have been reached, and t h i s  may prevent  any r e a l l y  

s e n s i t i v e  measurements, e.g. n o i s e  f i g u r e s  or' over 10 db. are normal f o r  

t h e s e  f requencies .  

I t  i s  hoped t h a t  t h i s  

I f  c h i s  s t i l l  produces no r e s u l t s ,  a low-noise 

I 

The n o i s e  f i g u r e s  

A mathematical  t reatment  o f  tke Lqedance  problem i s  g iven  i n  
_._ ~ 

Appendix A. This  i s  c a r r i e d  as f a r  as  p o s s i b l e  without  recourse t o  a 

computer. I t  was thought i n a d v i s a j l e  t o  devote  more t i m e  t o  t h i s  u n t i l  

some experimental  d a t a  had been obtained,  and it w a s  known whether any 

d e t e c t a b l e  e f f e c t s  could be  seen. Seve r the l e s s ,  t hese  c a l c u l a t i o n s  lead  

us  t o  hope f o r  p o s i t i v e  r e s u l t s .  

111 - Large-Axplitude O s c i l l a t i o n s  

Large a q l i t u d e ,  l o w  frequency coherent  o s c i l l a t i o n s  have been ob- 

served  i n  CdS from che time cu r ren t  s a t u r a t i o n  w a s  f i r s t  observed. I n  

f a c t ,  L a c t i c a l l y  a l l  CdS c r y s t a l s  examined have o s c i l l a t e d  during some 

s t a g e  of opera t ion .  Oiie of t he  most i n p r e s s i v e  fea t i l res  i s  t h e  h igh  power 

l e v e l  a s s o c i a t e d  wi th  the  o s c i l l a t i o n .  We w i l l  no t  d e s c r i b e  i n  t h i s  r e p o r t ,  

a l l  of t h e  c h a r a c t e r i s t i c s  t h a t  have been noted. It  should be poin ted  o u t ,  

however, t h a t  t h e r e  may be several types of o s c i l l a t i o n s ,  which i n  many 

r e s p e c t s  appear  q i i t e  similar.  I n  view of t h e  l a r g e  magnitude of t h e  

o s c i l l a t i o n s ,  work i s  i n  progress  t o  o b t a i n  more experimental  d a t a ,  i n  

o rde r  t o  understand t h e  mechanisms involved. See Fig.  4 .  

I V  - Geonet r ic  and Crys ta l lographic  Charac t e r i za t ion  

-8- 



Samples of var ious  s i z e s  and c rys t a l log raph ic  o r i e n t a t i o n s  a r e  being 

prepared i n  order  t o  ob ta in  a b e t t e r  understanding of t he  inf luence  of 

t hese  f a c t o r s  i n  the acous toe lec t r i c  e f f e c t .  One ques t ion  we  would l i k e  

t o  answer i s  t h a t  of what modes of e l a s t i c  v i b r a t i o n s  a r e  ampl i f ied .  

Geometry may a l s o  be an  important f ac to r  i n  the l a r g e  amplitude o s c i l l a -  

t i o n s  descr ibed  above. 
. t  
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Appendix  A 

E le -c t r i c  F ie ld  

- The R.F. Impedance of a CdS Pos t  wi th  a D.C.  Applied 

We de r ive ,  formally,  an expression f o r  t h e  r . f .  impedance seen 
I 

between the  two ends of a CdS post  which i s  considered t o  be s u f f i c i e n t l y  

broad f o r  a one-dimensional treatment t o  be a good approximation, i.e., 

edge e f f e c t s  can be neglec ted .  It i s  f u r t h e r  assumed t h a t  no a c o u s t i c  

energy i s  coupled out  of t he  c rys t a l ,  and t h a t  t h e  e l e c t r i c  f i e l d  

vanishes  a t  t he  ends of the  c r y s t a l .  The l a t t e r  cond i t ion  i s  probably 

an o v e r s i m p l i f i c a t i o n  because of the complex n a t u r e  of so-ca l led  "ohmic" 

con tac t s ,  bu t  i t  expresses  the  phys ica l ly  reasonable  cond i t ion  t h a t  r.f. 

e l e c t r i c  waves i n c i d e n t  upon such 2 su r face  w i l l  be t o t a l l y  r e f l e c t e d .  

Some f i g u r e s  t o  j u s t i f y  t h e  acous t ic  boundary cond i t ion  can be quick ly  

c a l c u l a t e d .  The acous t i c  impedance of a m a t e r i a l  i s  def ined  a s  t h e  

product of i t s  d e n s i t y  and the  v e l o c i t y  of sound i n  i t .  For a i r  t h i s  

i s  30 gm. sec. c m  2, and f o r  Cadmium Sulphide it i s  approximately 

9 x 10 gm. sec. cm . These f i g u r e s  show t h a t  t h e r e  i s  a very  con- 

s i d e r a b l e  mismatch, and express  the f a c t  t h a t  t h e r e  w i l l  be no stress 

a t  t h e  ends of t h e  c r y s t a l  s i n c e  a i r  is t oo  l i g h t  t o  e x e r t  any r e a c t i o n  

on t h e  ends of t h e  c r y s t a l .  

-1 - 
5 -1 -2  

* 
Our b a s i c  equat ions  a r e  : 

. 
= t o t a l  r . f .  c u r r e n t .  

* S t r i c t l y ,  the  t o t a l  c u r r e n t  i n  a one-dimensional system is  zero,  bu t  i n  
w r i t i n g  t h i s  equat ion  w e  a r e  attempting, i n  e f f e c t ,  a p e r t u r b a t i o n  a n a l y s i s  
and neg lec t ing  the  t r ansve r se  d e r i v a t i v e s  of t h e  E- f i e ld .  
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J25, c -  e 2 3 ,  (C 2 )  
b.p;’ bx.= 

1: Eliminating the strain, SI, we get I ( t )  in terms of the electric field E 

b Assume ~i =,jW , then: 

The particular integral is I = (jQe + p , ) €  
function is E ,  = A,e -& +----- +A+ePG where 
are determined from White’s calculations for the case I = 0 .  Thus the 
solution has the form: 

. The complementary 
,c ,f3,c 

If the length of the crystal is a, then we have the boundary conditions: 

EllO) = &(Q) = 0 and ?(O) = S,(a>. = 0 . Also we have an expression 
for the r,f. voltage between the ends of the crystal: 

-11- 



" 

From E q .  (A2) we see that the strain wave associated with the e l ec tr i c  

f i e l d  E = A C .  is: -I% 

e -1% A.  z ' e  s, = 

, /  

Thus the tota l  strain i s  given by: 

Using the boundary conditions we g e t :  

Defining 2, xde+ , and eliminating A, -- - A+ w e  

obtain the determinant: 
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I I I 

I 

After some lengthy, but straightforward, manipulation, this reduces to 

the following expression for the r.f. impedance 2: 
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I 
- -  - -  -c ---- 

,ye-';)" 

It would r equ i r e  a computer c a l c u l a t i o n  t o  use  t h i s  r e s u l t  f o r  

a p r a c t i c a l  example. But one point can be made. 

t he  denominator i s  r e l a t e d  t o  the s o l u t i o n  f o r  A 

e x t e r n a l l y  appl ied  r . f .  vo l t age .  

A t o  e x i s t  under these  the  cond i t ion  f o r  noa-zero so lu t ions  f o r  A --- 
circumstances.  I n  o t h e r  words, i f  this determinant  vanishes ,  t he  

c r y s t a l  w i l l  break i n t o  o s c i l l a t i o n .  

The determinant  i n  

A2, Ag, A with no 4 
The vanish ing  of t h i s  determinant  i s  

4 1 

Since  theory  l eads  u s  t o  expect t h a t  t h i s  w i l l  happen when t h e  

d . c .  e l e c t r o n  d r i f t  v e l o c i t y  i s  near  t he  v e l o c i t y  of sound, w e  a r e  once 

more faced with the  ques t ion  of why t h i s  i a  n o t  observed i n  p r a c t i c e .  
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Nevertheless ,  i t  i s  c l e a r  t h a t  i f  the theory i s  anywhere nea r  t o  

d e s c r i b i n g  the  phys ica l  r e a l i t y ,  t h e  impedance should be s t rong ly  

dependent upon the d . c .  b i a s  f i e l d ,  and impedance measurements should 

g i v e  us some idea of how n e a r  t h e  c r y s t a l  i s  t o  o s c i l l a t i o n .  
. 

The e f f e c t  of e x t e r n a l  impedances on the  o s c i l l a t i o n  cond i t ions  

can be found, i n  p r inc ip l e ,  from Eqs. (C8). I f  an impedance Z i s  

connected ac ross  the  c r y s t a l ,  w e  can e l i m i n a t e  V from these  

equat ions,  and from the  determinant (C9). I f  t h i s  determinant  can be 

made to vanish  then we can so lve  f o r  non-zero values of I, AI,  A2, Ag, A,,, 

wi th  no e x t e r n a l  genera tor  i n  t h e  c i r c u i t ,  i.e., t he  dev ice  w i l l  

o s c i l l a t e .  

Any such o s c i l l a t i o n s  would be bound t o  occur  a t  a frequency near 

t o  =[F 2z]”” . For t h i s  reason i t  

i s  n o t  considered t h a t  t h i s  is an explana t ion  of the,  o s c i l l a t i o n s  

occas iona l ly  seen i n  t h e  c u r r e n t  through CdS c r y s t a l s  nea r  t h e  knee of 

t h e  V - I  curve.  The i r  frequency is much lower than Go and shows a 

dependence on t h e  t r ans i t  t i m e  of electrons through t h e  c r y s t a l .  

, I  L 

aPP 
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Figure Captions 

Fig. 1 Schematic drawing showing basic idea of r f  experiment. 

. Fig. 2 Schematic c i rcu i t  for r f  experiment. 

Fig.  3 RF power V.S. frequency. 

Fig. 4 

I 

Low frequency (- 5 mc) high l e v e l  o s c i l l a t i o n  i n  current i n  
CdS . 

Fig. 5 Impedance experiment. Crystal mount i n  waveguide. 



specific gravity SP gr 
* specific heat sp ht 

specific volume s p  vol 

square centimeter cm2 
square foot f t2  
square inch in.' 
square kilometer km2 
square meter m2 
square micron P2 
square millimeter 
square root of mean 

square 
standard cubic feet per 

minute 
standard temperature and 

pressure 
sterad ians 

square sq  

tangent tan 
that is  i.e. 
thousand pounds kip 
thousand ton(s) kt 

spell out ton 
tons per square inch tsi 
Torricelli 
triton(s) 
ultra high frequency 
ultraviolet 
United States 

versed sine vers  
Pharmacopeia 

V 

volt-ampere 
volt-coulomb 
volume percent 
Watt 
watthour 
week ( -1y) 
weight 
weight percent 
yard 
year 

va 
spell out 
vol 5% 
W 

whr 
spell out 
wt 
wt % 
Yd 
Y r  

The following quantities may be used with any of the preceding abbre3iations o r  symbols: 

Quantity 

10'2 
io3 
1 06 
1 o3 
1 0' 
10' 
10-1 
10-2 
1 o - ~  
10-6 
10-9 
1 0-l2 

Prefix 

tera 

mega 
kilo 
hecto 
deca 
deci 
centi 
milli 
micro 
nano 
pic0 

&a 

Symbol 

T 
G 
M 
K 
H 
D 
d 

m 
CI 
n 
P 

C 

e 

30 



w 
-I 
m a u 
-I 
Q 
X 
Q 
0 
0 

- 

P c 
Lc. 
1 

H 

m f 

I 1 
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'i v 

0 
0 
II: I- 

U 
0 
I Cn 

K 
Q 
3 
0 



I mV 

IO0 
PV 

NOISE A M R  

8 
t 
1 

'VD € 

I 

10' 

'T 



i 

i 
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ppendix C 
Greek Alphabet 

Alpha (a). ....... . A  ar or u 
Beta (b). ........ .I3 8 or 6 

Gamma (6). ...... .r 7 

Delta (d). ........ . A  6 or a 
Epsilon (e). ...... .E  E 

Zeta ( 2 ) .  ......... .Z 
Eta (h) .......... . H  9 

Theta (th). ....... .e 6 or 8 

Iota ( i ) .  .......... I b 

Kappa (k). ....... .K K or w 

Lambda (1). ...... . A  X 
Mu (m). ......... . M  

Nu (n) ............ . N  Y 
xi (x). ............. z E 
Omicron (0 ) .  ...... -0 o 

Pi (p). ............ .II T 
Rho (r). .......... .P p 

Sigma ( 5 ) .  .......... C u or I 

Tau (t) .............. T 7 

Upsilon (u) ......... T u 
Phi (ph) ............ 0 (p or 4 
Chi (ch). .......... .X  x 
Psi (ps) ............ + 
Omega (0 ) .  ......... fi o 
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